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OsSPL13 controls grain size in cultivated rice

Lizhen Si!, Jiaying Chen!, Xuehui Huang!, Hao Gong!, Jianghong Luo!, Qingqing Hou!, Taoying Zhou!,
Tingting Lu!, Jingjie Zhu!, Yingying Shangguan!, Erwang Chen!, Chengxiang Gong!, Qiang Zhao!, Yufeng Jing!,
Yan Zhao!, Yan Li!, Lingling Cui!, Danlin Fan!, Yiqi Lu!, Qijun Weng!, Yongchun Wang!, Qilin Zhan!,

Kunyan Liul, Xinghua Wei?, Kyungsook An3, Gynheung An? & Bin Han!

Although genetic diversity has a cardinal role in domestication, abundant natural allelic variations across the rice genome that
cause agronomically important differences between diverse varieties have not been fully explored. Here we implement an
approach integrating genome-wide association testing with functional analysis on grain size in a diverse rice population. We
report that a major quantitative trait locus, GLW?7, encoding the plant-specific transcription factor OsSPL13, positively regulates
cell size in the grain hull, resulting in enhanced rice grain length and yield. We determine that a tandem-repeat sequence in the
5" UTR of OsSPL13 alters its expression by affecting transcription and translation and that high expression of OsSPL13 is
associated with large grains in tropical japonica rice. Further analysis indicates that the large-grain allele of GLW? in tropical
Jjaponica rice was introgressed from indica varieties under artificial selection. Our study demonstrates that new genes can be
effectively identified on the basis of genome-wide association data.

To meet the food demands of a rapidly growing world population, it
is critical to increase crop productivity through efficient breeding!.
Diverse rice varieties carrying a huge amount of genetic variation
will be valuable resources for improving rice yield?. Asian cultivated
rice (Oryza sativa L.) is classified into indica and japonica
subspecies. Japonica rice was first domesticated from a small popula-
tion of a wild rice species (Oryza. rufipogon) in southern China, and
indica rice was subsequently developed from cross-hybridizations
between the japonica cultivars and other O. rufipogon ecotypes, as
cultivated japonica rice from China was spread into Southeast and
South Asia®. Many of the domestication-related genes responsible
for marked morphological differences between wild and cultivated
rice have been identified*7. Meanwhile, domesticated rice varieties
have been differentiated to adapt to local environments and to acquire
unique traits under recent genetic improvements. However, the natu-
ral allelic variations responsible for rice varietal differences have not
been fully explored.

Indica varieties are widely grown in tropical and subtropical regions.
Most japonica varieties are grown in temperate regions, although some
are grown in tropical and subtropical regions. Thus, japonica varieties
can be classified into temperate and tropical ecotypes on the basis
of their ecological, morphological and physiological characteristics.
Although tropical and temperate japonica ecotypes have a closer
genetic relationship with each other than with indica varieties, their
phenotypes are distinct from one another. Typical indica rice has long
grains and temperate japonica rice has short, round grains. But typical
tropical japonica varieties (also called javanica rice) have larger grains

than the temperate japonica varieties®®. The genetic basis of these
morphological differences remains unknown.

Grain weight is controlled by a combination of grain length, grain
width and grain thickness. Thus far, several genes for grain length and
grain width, such as GW2, gSW5, GS5, GW8, GS3 and GL7/GW?7, have
been found to regulate grain shape through activation of the cell cycle
machinery in promoting cell division!?-16. Growth of plant organs
results from the combination of cell division and cell expansion!”.
It is therefore worthwhile to explore new genetic loci that promote
grain size through regulation of cell size. Genome-wide association
studies (GWAS) of complex traits in rice have been successful in
identifying hundreds of robust association signals!8-20. However, as a
self-fertilizing plant, rice has modest rates of linkage disequilibrium
(LD) decay, limiting mapping resolution to regions of approximately
100 kb in length that usually contain several genes'$. To identify genes
underlying grain size traits in rice, we integrated the GWAS approach
with analyses of expression patterns, genetic variations and transfer
DNA (T-DNA)-derived mutants for functional characterization of a
grain shape-related quantitative trait locus (QTL). We identified a
major QTL, GLW7, that was a key element in producing larger grains
and panicles and eventually improved grain yield in cultivated rice.

RESULTS

GWAS on grain length and weight in japonica rice

We carried out GWAS of grain size in a diverse collection of worldwide
rice germplasm. We rephenotyped 381 japonica varieties to map the
traits of grain size, including 40 tropical and 341 temperate varieties
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Figure 1 GWAS analysis and molecular characterization of the large-grain trait. (a) The genome-wide association signals for large grain (grain length and
weight) are shown in the region at 18.5-21.0 Mb on chromosome 7 (x axis). The position of the peak SNP is indicated by the red vertical line. Negative
logio-transformed P values from the compressed mixed linear model are plotted on the y axis. The horizontal dashed line indicates the genome-wide
significance threshold. The locations of the predicted ORFs in the japonica Nipponbare genome are indicated: | to XI represent 11 predicted genes

(I, 0s07g0502900; |1, 0s07g0503200; 111, 0s07g0503300; IV, 0s07g0503500; V, 0s07g0503600; V1, 0s07g0503700; VI, 0s07g0503900; VIII,
0s07g0504601; IX, 0s07g0505200 (0OsSPL13); X, 0s07g0506000; X|, 0s07g0506366). (b) Analysis of grain length for japonica varieties stratified
by genotype at rs19784266. The T allele represents the small-grain genotype (n = 288), and the C allele represents the large-grain genotype (n = 46).
Data represent means £ s.d. (c) The expression levels of the 11 candidate genes in panicles, leaves and roots are shown. The expression levels for ten
small-grain varieties (pink) and ten large-grain varieties (blue) were calibrated to rice UBIQUITIN gene expression. Data represent means + s.d.
(n=10). (d) Expression analysis of candidate gene IX (OsSPL13) in panicles from different varieties and grain appearance for the selected varieties.
Data represent means + s.d. (n = 3). The dashed horizontal lines represent the average expression levels of OsSPL13 in ten small-grain varieties and ten large-
grain varieties. (e) Analysis of OsSPL13 protein levels in 12 small-grain and 12 large-grain varieties (separated by the red vertical line). Scale bar, 1 cm.
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Figure 2 Comparative analyses of the OsSPL13

locus between the small-grain and large-grain a
haplotypes. (a) Structural variations of

the OsSPL13 haplotypes in small-grain and

long-grain varieties. White boxes represent

the 5” and 3" UTRs, gray boxes represent

coding sequences and the line between the
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gray boxes represents the intron. The red 0sSPL135%H
bar indicates the OsmiR156 target site.
A minus sign indicate nucleotide deletion, and 0sSPL13-CH

nucleotide polymorphisms are indicated.

(b) The constructs used for transformation.

Construct |, OsSPL135GH contains the

8-kb genomic sequence of OsSPL13 b
from the small-grain Dongjing variety.
Construct CP, OsSPL13GH contains the
8-kb genomic sequence of OsSPL13 from
the large-grain GP7 variety. Construct 11,
pOsSPL13%GH::0sSPL13LGH, contains the
2.4-kb promoter region from small-grain variety I
Dongjing and the 3.6-kb transcript region from
large-grain variety GP7. Constructs IV and V

have different mutations, as indicated. Genomic IV g.19763436G>A
coordinates are from IRGSP4. (c) Grain sizes
of wild-type Dongjing (DJ) and the Dongjing
plants transformed with constructs I-X. Scale
bar, 1 cm. (d—f) Grain length (n = 15) (d), grain v
thickness (n = 20) (e) and 1,000-grain weight
(n=10) (f) of plants transgenic for constructs I-X.

The red arrows in c—f indicate transgenic Vit $'UTR
plants with dramatic improvement in grain size.

(g,h) Comparison of OsSPL13 transcript (n= 3) (g) VIl ¢.2679insGT
and OsSPL13 protein (h) levels in panicles from
the different transgenic plants. Panicles were
collected when they reached 50% of full panicle
length. Actin was used as the loading control.
All data in the graphs represent means + s.d.;
*P<0.05, **P<0.01.
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g
genotyped previously!®. A GWAS performed v 24 g8 3
in this japonica population for grain length 8
using a mixed linear model approach?! EE
identified four associated loci meeting a £
G

threshold for suggestive evidence of associa-

tion (P < 1 x 107% in the linear mixed model; pJ ! 9»P
false discovery rate (FDR) < 0.05), of which g
only one signal passed a stricter significance
cutoff (P < 1 x 10~7 in the linear mixed model,

after Bonferroni correction; FDR < 0.01)
(Supplementary Fig. 1a and Supplementary
Table 1). In contrast to a GWAS in an indica
population, which identified GS3 as a major
locus that controlled grain length and grain
weight!®, we identified a single major locus on chromosome 7 (P =
3.98 x 1077) responsible for both grain length and grain weight in this
japonica population. We therefore designated this locus as GRAIN
LENGTH AND WIEIGHT ON CHROMOSOME 7 (GLW?7). Further
analysis showed that the GLW7 locus explains about 30% of the vari-
ance in grain length and 25% of the variance in grain weight in this
japonica population (Fig. 1a and Supplementary Fig. 1b). Two major
haplotypes based on the lead SNP (rs19784266 on chromosome 7) of
the association signal—large-grain haplotype (LGH) and small-grain
haplotype (SGH)—were determined to be associated with large-grain
and small-grain phenotypes in japonica, respectively. Grain length
when stratified by genotype at rs19784266 (T/C) was significantly
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higher in LGH varieties than in SGH varieties (Fig. 1b). Interestingly,
we found that most tropical japonica varieties had the LGH haplo-
type and most temperate japonica varieties had the SGH haplotype
in this region.

Given the estimated LD decay rate of about 100 to 200 kb in
japonica landraces'$, we carefully analyzed the 11 predicted genes
within the 260-kb interval centered on the index SNP from the
GWAS (Fig. 1a and Supplementary Table 2). We randomly selected
ten lines each of large-grain and small-grain japonica varieties to
measure the expression levels of these 11 genes in panicles, leaves
and roots by quantitative RT-PCR (qRT-PCR) (Fig. 1c). Of the
11 genes, 10 showed no difference in expression levels in panicles
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from the small-grain and large-grain varieties. Only gene IX
(0s07g0505200) showed about twofold higher expression in large-
grain varieties as compared to small-grain varieties (P = 4.9 x 1077)
(Fig. 1c,d, Supplementary Fig. 2a and Supplementary Data Set).
Most of the 11 genes exhibited similar levels of expression in roots
and leaves for the large-grain and small-grain varieties (Fig. 1c¢ and
Supplementary Fig. 2b,c).

Previous reports indicated that grain shape is mainly determined
by the shape of the lemma and palea in rice!!2. We found that
0s07g0505200 expression levels in panicles from large-grain varie-
ties were higher than those in small-grain varieties. Os07g0505200
was also preferentially expressed in developing panicles in compari-
son to the other ten genes in the examined interval. Therefore, the

0s507g0505200 gene (also predicted as LOC_0s07¢32170 and referred
to hereafter as OsSPL13) was the most likely candidate gene for GLW?.
OsSPL13 encodes the plant-specific transcription factor OsSPL13
(ref. 22) (Supplementary Fig. 3). Phylogenetic analysis indicated
that OsSPL13 belongs to the SQUAMOSA PROMOTER BINDING
PROTEIN (SBP) family of transcription factors (Supplementary
Fig. 4). SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL)
genes have been shown to have numerous important roles during
plant growth and development!23-27,

To investigate whether OsSPL13 protein levels are associated
with grain size in the natural japonica population, we prepared total
protein extracts from the panicles of 24 large-grain and small-grain
varieties. We developed a polyclonal antibody against OsSPL13
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Figure 3 Analyses of grain shape for wild-type Dongjing, transgenic plants and

a T-DNA mutant. (a) Grain sizes of wild-type Dongjing, OsSPL13::RNAi

plants (RNAi-1 and RNAI-2) and complementation plants (CP-1 and CP-2) with OsSPL13GH, (b) Grain sizes of the large-grain variety GP579 and

OsSPL13::RNAi lines of GP579 (RNAi-1, RNAi-2 and RNAI-3). (c) Grain sizes

of Dongjing and the T-DNA insertion mutant of Dongjing (g/w7). Scale

bars in a—c, 5 mm. (d) Phenotypic data of 1,000-grain weight (n=12), grain length (n = 12), grain width (n = 12) and grain thickness (n = 20) for
Dongjing, two OsSPL13::RNAI lines (RNAi-1 and RNAI-2) and two complementation transgenic lines (CP-1 and CP-2) with OsSPL13'GH, (e) Phenotypic
data of 1,000-grain weight (n = 8), grain length (n = 100), grain width (n = 100) and grain thickness (n = 20) for GP579 and three OsSPL13::RNAi
lines (RNAi-1, RNAI-2 and RNAI-3) of the GP579 variety. (f,g) Assays of the fresh (f) and dry (g) weight of 100 grains for grain milk filling analysis of
Dongjing, the Dongjing g/w7 mutant and Dongjing transformed with OsSPL13LGH (CP-1) (n = 6). (h,i) Comparison of 0sSPL13 transcript (n = 3) (h) and
OsSPL13 protein (i) levels in panicles from the different transgenic plants. Panicles were collected when they reached 50% of full panicle length. Actin

was used as the loading control. All data in the graphs represent means +s.d.;

**P<0.01.
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) Vg 0 SGH.. LGH) (Fj i
3, \ 4 DJ RNAFT 1 CP-1 (pOSPL13°5H::0sSPL13YH) (Fig. 2b)—which
R . § @ were used to generate transgenic plants
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Figure 4 Analyses of yield traits for Dongjing 8 1004 . both grain length and grain thickness, result-
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%a”'de morphologies for wild-type Dongjing, an 5 in 1,000-grain weight, respectively (Fig. 2c~f).
sSPL13::RNAi line of Dongjing (RNAi-1) and S 40+ . .
o X £ Although transgenic plants with construct I
transgenic lines with constructs |, CP and I11. g 04 had i d L hei .
Scale bars, 5 cm. (b) Panicle length, number of DJ RNAF | CP-1 I ad increased grain size, their grains were
primary branches, number of secondary branches, o = smaller than those of transgenic plants with
number of grains per panicle and actual yield B 224 § § construct CP. No obvious alterations in grain
per plot for Dongjing, an OsSPL13::RNAi line of ?é’ § nli 3 width were observed in any of these trans-
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number, and 3 replicates were analyzed for actual 3 104 are not responsible for the differences in
plot yield. Data are represented as means + s.d. DJ RNA-1 | CP-1 Il grain size among japonica varieties. We fur-

by immunizing rabbits with His-tagged OsSPL13 protein purified
from Escherichia coli (Supplementary Fig. 5a-c). Applying this
antibody, we found much higher levels of OsSPL13 protein in the
large-grain varieties than in the small-grain varieties, although
OsSPL13 levels varied in different genetic backgrounds (Fig. le
and Supplementary Fig. 6a—c), indicating that OsSPL13 levels are
strongly associated with grain size.

A tandem repeat in the 5" UTR alters OsSPL13 expression

To investigate functional allelic variations in the OsSPLI3 locus,
we sequenced the OsSPLI3 gene in 26 small-grain and 21 large-
grain japonmica varieties. Sequencing analysis further confirmed
that the genotypes in the OsSPL13 locus in japonica varieties can

ther mutated different sites in the OsSPL135GH
construct to generate additional constructs
(IV-X; Fig. 2b) and carried out transgenic analysis in Dongjing
plants. Both construct V and VI transgenic plants had significantly
improved grain size, which was similar to that of transgenic plants with
construct CP. Transgenic plants with construct IV and four 3” UTR
mutations (constructs VII-X) had grain phenotypes similar to those
of transgenic plants with construct I (Fig. 2c—f and Supplementary
Fig. 7). Analyses of the various transgenic plants showed higher
levels of OsSPL13 transcript and protein in the transgenic lines with
constructs CP, III, V and VI than in wild-type Dongjing and the
transgenic lines with the other constructs (Fig. 2g,h).
Taking these results together, we identify a tandem repeat of the
CCATTC sequence from —146 to -135 bp in the 5 UTR of OsSPL13
as the major cause of the GLW?7 effect on variation in grain size among
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P10-P100, panicle, with the number indicating the percentage of full panicle length;

0 d-25 d, seed, with the number referring to days after flowering. Values are represented

as means *+ s.d. (n = 3). (b) OsSPL13 protein levels in Dongjing and g/w7 plants. Actin was
used as a loading control. (¢) Scanning electron and light microscope photographs of the glume
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(d) Total cell number of full seeds along the longitudinal axis. (e,f) Cell number per millimeter (e) and cell density per square millimeter (f) in the upper,
middle and lower positions of hulls along the longitudinal axis. (g) Hulls on the first heading day. Scale bar, 5 mm. (h) Cross-sections of the central
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layers. Scale bars, 100 um (left) and 50 um (right). (i-1) Length (i), total cell number (j), cell length (k) and cell size (1) in the outer parenchymal cell
layers of the lemma and palea. Values are represented as means * s.d. (eight replicates in d—f and ten replicates in i-I): *P < 0.05, **P < 0.01.

japonica rice (Supplementary Fig. 8), with two CCATTC copies in
the OsSPL13 5" UTR causing reduced expression levels of OsSPL13
and resulting in small grains.

OsSPL13 positively increases cell size and grain yield

We then carried out RNA interference (RNAi) to suppress the
expression of OsSPL13 in the small-grain japonica variety Dongjing
and the large-grain japonica variety GP579. The corresponding trans-
genic plants showed significantly decreased 1,000-grain weight, grain
length and grain thickness when compared with the wild-type plants.
No changes were detected in grain width (Fig. 3a,b,d,e). Control
plants with pTCK303 did not show any differences in grain shape for
the transgenic plants (Supplementary Table 4).

To elucidate how OsSPLI3 regulates grain size, we isolated a
glw7 mutant with a T-DNA insertion in the intron of OsSPL13 (1B-
14102) from a mutant library of the japonica Dongjing variety?®
(Supplementary Fig. 9a). glw7 plants had significantly lower grain
weight (28%), grain length (12.3%) and grain thickness (9%) as
compared to wild-type Dongjing plants (Fig. 3c and Supplementary
Fig. 9b-g). Transgenic analysis of glw7 plants using the 8-kb genomic
fragment of wild-type OsSPL13 from Dongjing (construct I) showed
that this construct could completely restore the grain phenotype
of glw7 to that of the wild-type Dongjing strain (Supplementary
Fig. 10a,b). The grain size of transgenic plants with construct CP
(CP-1 and CP-2) was significantly higher than that of wild-type
Dongjing plants (Fig. 3d). Consistent with these results, higher levels

of OsSPL13 transcript and protein were detected in CP-1 and CP-2
plants and lower levels were observed in RNAIi plants as compared to
wild-type Dongjing plants (Fig. 3h,i).

We measured the rate of grain milk filling for the mutants and
transgenic lines. Significant differences in fresh and dry endosperm
weight between the glw7 plants and the transgenic lines were detected
on day 8 after fertilization. These differences reached a maximum
on day 25 after fertilization (Fig. 3f,g). These results show that
OsSPL13 has an important role in the accumulation of dry matter
in rice grains.

OsSPL13 also has an important role in panicle development.
Panicle length and the number of primary branches for plants trans-
formed with constructs I, CP and IIT were significantly higher than
for Dongjing plants (Fig. 4a,b). The number of secondary branches
and grains per panicle of transgenic plants with construct CP were
55.9% and 28.8% higher, respectively, as compared to Dongjing plants
(Fig. 4a,b). Consistently, panicle length, branch number and the
number of grains per panicle were greatly reduced in the glw7 and
Dongjing RNAi-1 lines (Fig. 4b and Supplementary Fig. 11a-e). No
differences were observed in plant height and total tiller number per
plant for transgenic plants with constructs I, CP and III (Supplementary
Fig. 12a,b). Taking all these effects into account, transgenic plants
with constructs I, CP and III had an advantage of 7%, 23% and 19%
in plot grain yield, respectively, with respect to wild-type Dongjing
(Fig. 4b), whereas the grain yield of glw7 plants decreased by 80% per
plant (Supplementary Fig. 11f).
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We investigated the grain quality of wild-type Dongjing and glw7
plants and the transgenic lines with constructs I, CP and III. With
respect to glw7 plants, protein content was higher than in the wild-type
Dongjing plants, whereas amylose content and gel consistency were
lower. The percentage of grains with chalkiness was lower in all these
transgenic plants than in wild-type plants (Supplementary Table 5).
Scanning electron microscopy showed little difference in the
starch granules of mature endosperm from glw7 plants relative to
Dongjing plants, and no obvious differences were detected in trans-
genic plants with construct CP (Supplementary Fig. 13). OsSPL13
transcript and protein levels were considerably higher in developing
Dongjing panicles than in culms; no OsSPL13 protein was detected
in glw7 plants (Fig. 5a,b).

OsSPL13 regulates grain length and grain thickness but does not
regulate grain width. We investigated cell number and cell size in the
outer epidermis of mature grains and found no difference in total cell
number for the lemma along the longitudinal axis among glw7 plants,
wild-type Dongjing plants and transgenic lines with constructs CP
and III (Fig. 5¢,d), suggesting that the increase in grain length asso-
ciated with GLW7 might result mainly from cell expansion and not
from an increase in cell number.

We divided the grain hull into upper, middle and lower parts
(Fig. 5¢) to measure cell number and cell density for the lemma
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in these three locations. Cell number per millimeter along the
longitudinal axis was significantly higher in the three parts of the
lemma for glw7 plants than for wild-type Dongjing plants (Fig. 5e).
The lemmas of CP-1 plants contained 21%, 9% and 10% fewer cells
per millimeter in the upper, middle and lower parts, respectively,
than the corresponding sites in wild-type Dongjing (Fig. 5e). The cell
density per square millimeter was markedly higher in glw7 plants than
in wild-type Dongjing plants. Consistently, cell density was signifi-
cantly lower in transgenic plants with constructs CP and III (Fig. 5f).
All these results indicate that OsSPL13 regulates grain shape through
activation of cell size regulation machinery.

Cross-sections of central parts of the spikelet showed that the
outer parenchyma cell layer in transgenic CP-1 plants was longer
and contained substantially larger cells than the corresponding
layer in Dongjing and glw7 plants, with a minor difference in cell
number (Fig. 5g-1). Cross-sections of the uppermost internodes also
showed OsSPL13 mainly involved in cell size regulation during organ
development (Supplementary Figs. 14a-i and 15a,b).

OsSPL13 is expressed specifically during floret development

According to rice spikelet developmental stages?, OsSPLI3 was
detected when the primary- and secondary branch primordia
initiated (Fig. 6a—c) and was strongly expressed in floral organ
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Figure 6 /n situ hybridization of OsSPL13 in hulls during floret development and identification of the SRS5 gene as a direct target of OsSPL13.

(a-k) /n situ hybridization for OsSPL13 in primary branch formation (a), secondary branch formation (b), later secondary branch formation (c),

the spikelet formation stage (d), floret 1 mm in length (e), floret 1.6 mm in length (f), floret 2.2 mm in length (g), floret 3.1 mm in length (h), floret 4
mm in length (i) and floret 5 mm in length. (k) Negative-control hybridization with OsSPL 13 sense probe. Scale bars for a—k, 100 um. (I) Diagram of
the SRS5 genomic region. Triangles indicate GTAC motifs in the promoter and introns. The gray boxes represent the 5" and 3" UTRs of the SRS5 gene,
and the blue boxes represent the coding regions. (m) ChIP analysis of SRS5 genomic fragments in the panicles of wild-type Dongjing and g/w7 plants.
(n) ChIP-gPCR analysis of SRS5 genomic fragments in the panicles of Dongjing and g/iw7 plants. Relative enrichment of fragments was calculated by
comparing samples immunoprecipitated with antibodies to OsSPL13 and HA. (o) SRS5 expression in panicles from wild-type Dongjing and g/w7 plants.
Relative expression levels were calibrated to rice UBIQUITIN gene expression. P10 and P50, young panicles with panicle lengths 10% and 50%,
respectively, of full panicle length in wild-type Dongjing and g/w7 plants. (p) GO term analysis of the genes downregulated and upregulated in giw7
panicles relative to wild-type Dongjing panicles from RNA sequencing data. (q) Transcript analysis of OsEXPAZ2, B-expansin precursor, OsEXPA4 and
OsEXPA16 in wild-type Dongjing and g/w7 plants. Values are represented as means * s.d. (three replicates in n, 0 and q): *P < 0.05, **P < 0.01.
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Figure 7 The level of genetic differentiation (Fst) across chromosome

7 between different subspecies. (a) Scan of genetic differentiation
between temperate japonica and tropical japonica. (b) Scan of genetic
differentiation between indica and tropical japonica. In total, 1,040 rice
varieties were used for analysis, including 520 indica, 409 temperate
Japonica and 75 tropical japonica.

primordia (Fig. 6d). OsSPL13 was highly expressed in the middle
of the lemma and palea when florets were about 1 mm in length
(Fig. 6e), and expression gradually decreased during the growth of the
florets and stamen (Fig. 6f). When florets reached 2.2 mm in length,
only weak OsSPL13 expression was detected in the hulls of the florets
(Fig. 6g). Interestingly, OsSPL13 expression was strong in the apices
of the lemma and palea when the hulls were 4-5 mm in length and
gradually decreased from apices to the middle of the hull (Fig. 6h-j).
No signal was detected in the negative control (Fig. 6k). These results
are consistent with the finding of markedly different cell sizes in the
upper part of the lemma in comparison of CP-1 and glw?7 plants.

Bioinformatics analysis indicated that the 3 UTR of OsSPL13
has an OsmiR156 complementary site?’ (Supplementary Fig. 3).
Transgenic plants (pDJ:GUS-mOsSPL13, with expression driven
by the promoter of OsSPL13 from Dongjing) containing OsSPL13
with a mutated OsmiR156-targeted site showed high levels of
B-glucuronidase (GUS) activity in leaves and in lemma and palea.
In contrast, transgenic plants lacking a mutation in the OsmiR156-
targeted site (pDJ::GUS-OsSPL13) had no GUS activity in leaves, but
GUS activity remained high in lemma and palea (Supplementary
Fig. 16a,b,d). Consistent with the above results, OsSPL13 tran-
script levels in transgenic lines overexpressing OsmiR156 were a
bout fourfold lower than those in control plants, whereas overexpres-
sion of an OsmiR156 target mimic, MIM156 (ref. 30), resulted in a
substantial increase in OsSPLI3 expression in panicles
(Supplementary Fig. 16¢). These results suggest that OsSPL13 is one
of the targets of OsmiR156.

OsSPL13 directly targets SRS5

The nuclear localization of an OsSPL13-GFP fusion protein is
consistent with the notion that OsSPL13 encodes a putative tran-
scription factor (Supplementary Fig. 16e)3!. OsSPL13 contains a
putative bipartite nuclear localization signal at the C-terminal end
of the highly conserved SBP domain (Supplementary Fig. 3), which
is necessary and sufficient for DNA binding and nuclear localization
of SPLs according to several previous reports32-34,

Chromatin immunoprecipitation and quantitative PCR (ChIP-
qPCR) analysis showed that SMALL AND ROUND SEED 5 (SRS5)
might be a candidate for a direct target of OsSPL13. SRS5 encodes
o-tubulin, and an amino acid substitution (p.Arg308Leu) in SRS5
reduced seed length by altering the regulation of cell elongation in
rice seeds3. In Arabidopsis thaliana and rice, SBPs were reported to
directly target a core binding motif (GTAC). Four GTAC motifs are
located 1,873, 1,208, 933 and 143 bp upstream of the SRS5 transcription
start site (TSS), corresponding to motifs I-IV, respectively (Fig. 61).
A fifth region (V), in the first exon and containing two GTAC motifs,
was included as a negative control. In ChIP analysis using two differ-
ent antibodies to OsSPL13, both antibodies detected no or only weak
signal for motifs I and V. Fragments encompassing motifs II-IV were
clearly amplified from wild-type Dongjing samples but not from glw7
samples (Fig. 6m). More notably, binding to motifs ITI (=933 bp) and
IV (-143 bp) was significantly enriched by about 10-fold and 37-fold,
respectively, in wild-type Dongjing panicles as compared to glw7
panicles. No enrichment of fragments corresponding to any of the
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motifs was detected in negative-control experiments where ChIP was
performed with antibody to HA, either in wild-type Dongjing or glw7
samples (Fig. 6n). Further investigation showed that SRS5 transcript
levels were significantly higher in panicles from Dongjing plants and
transgenic plants with the CP construct than in glw7 mutants (Fig. 60
and Supplementary Fig. 17a,b). These results suggest that OsSPL13
directly targets SRS5 and functions as a positive regulator of SRS5
expression in the regulation of hull cell size in rice.

ChIP-qPCR analysis showed that OsSPL13 was able to bind
the promoter of DEPI, a gene known to regulate panicle length
and grain number3®, and upregulate its expression in very young
panicles (Supplementary Fig. 18a-c). To further address the
function of OsSPL13, we performed RNA sequencing analysis with
panicles from wild-type Dongjing and glw7 plants. A total of 1,915
differentially expressed genes were detected (FDR P < 0.01), of which
25.4% (486 genes) were upregulated and 74.6% (1,429 genes) were
downregulated in glw7 plants as compared to wild-type Dongjing plants
(Supplementary Table 6). In Gene Ontology (GO) analysis, these
genes were significantly (P < 0.01) enriched for Cellular Component,
Molecular Function and Biological Process GO terms (Fig. 6p).
We also compared the transcript levels of four expansin-related
genes—OsEXPA2, B-expansin precursor, OsEXPA4 and OsEXPA16—
by qPCR. All four genes had higher expression levels in wild-type
Dongjing panicles than in panicles from glw7 plants (Fig. 6q).
Collectively, these results support the hypothesis that OsSPL13 func-
tions as a regulator of cell size.

Tropical japonica OsSPL13 allele was introgressed from indica
Phylogenetic analysis showed that all of the SGH varieties, which are
temperate japonica, grouped together. The LGH varieties, including
most tropical japonica and some temperate japonica, were clustered
with indica varieties. Among the LGH varieties, several tropical
japonica were clustered in a small group (Supplementary Fig. 19 and
Supplementary Table 7). The OsSPL135GH allele was only detected in
the japonica group and not in the indica group (Supplementary Fig. 20
and Supplementary Table 7). Moreover, we examined OsSPL13 evolu-
tion by estimating the level of population difference (Fsr) on chromo-
some 7 between different subspecies. Pairwise measurements of Fg on
chromosome 7 showed that Fgrlevels were truly higher between tem-
perate japonica and tropical japonica in the OsSPL13 gene; however,
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markedly weaker differences were found between tropical japonica
and indica at the GLW7 locus as compared to the mean Fgp over
chromosome 7 as a whole (Fig. 7a,b). Considering the fact that both
indica and tropical japonica varieties had intermixed planting in tropi-
cal regions, we propose that the large-grain haplotype of OsSPL13
in tropical japonica varieties was introgressed from indica varieties
under artificial selection for increased grain size and yield.

GLW? and GS3 regulate grain shape independently

Previous reports indicated that gGS3 is a major determinant of
grain length in rice'®. Sequence analysis showed that wild-type
Dongjing contains full-length GS3 and has a short-seed phenotype.
Whendecreasing GS3 expression using RNAi, we found increased
grain length in transgenic lines (Supplementary Fig. 21a,b). We gen-
erated F, progeny for two hybrid combinations (GS3-RNAi-2 crossed
with CP-1 plants and GS3-RNAi-2 crossed with glw7 plants). Of the
plants analyzed, CP-1 x GS3-RNAi-2 plants produced the heaviest
and longest grains (Supplementary Fig. 22a-e). Transcript analy-
sis showed that OsSPL13 RNA levels were not altered in GS3-RNAi
plants; consistent with this finding, no changes were detected in
GS3 transcript levels in the glw7 and CP-1 plants (Supplementary
Fig. 23a,b). Therefore, GLW7 and GS3 likely regulate grain shape
independently during seed formation.

DISCUSSION

Introgression between different rice ecotypes is a key process in
evolution and domestication, as it may contribute to increased grain
yields and adaptation to new environments?”. We report here that the
large-grain allele of OsSPL13 in tropical japonica rice was introgressed
from indica varieties. Our results demonstrate that GWAS analysis
is a feasible approach to quickly identify new genes associated with
complex traits in diverse plants.

OsSPL13 encodes conserved domains characteristic of the SPL fam-
ily. Proteins encoded by SPL genes have been shown to regulate mul-
tiple important and divergent biological processes, and there are 17
SPL genes in Arabidopsis and 19 SPL genes in rice??. IPA1 (OsSPL14)
has a critical role in plant architecture, and upregulation of OsSPL14
increases grain number per panicle?>24. Our results demonstrate that
OsSPL13 could promote the development of secondary branches to
enhance grain number per panicle. The rice GW8locus directly binds
to GL7/GW7 and represses its expression!4. Both GW8 and GW7
regulate grain width and grain length through regulation of cell cycle
machinery. In contrast, GLW7 increased grain weight in this study by
regulating both grain length and grain thickness, without affecting
grain width. Our results show that GLW7 mainly promotes grain size
by increasing cell size. Overall, these findings suggest that GW8 and
GLW?7 may bind to different target genes and have different roles in
regulating grain size.

Our ChIP analysis showed that SRS5 is directly regulated by
OsSPL13. SRS5 encodes o-tubulin®®. In plants, o-tubulin and
B-tubulin form a heterodimer that is the basic structural unit for
microtubules. Alteration of tubulin gene expression affects cell elon-
gation both in plants and yeast>-40. An increasing body of evidence
has shown that expansins are plant cell wall proteins that can induce
cell wall extension and modify cell growth*!=43. Considering these
findings as a whole, both the a-tubulin and expansin genes are neces-
sary for cell growth and elongation; these results suggest that OsSP13
regulates cell size mainly by fine-tuning microtubule and cell wall
pathways (Supplementary Fig. 24). Thus, we are able to shape rice
grains by pyramiding OsSPL13 and GS3 loci in rice breeding.

ARTICLES

After japonica varieties were first domesticated from wild rice in
southern China, they moved northward to become the temperate
ecotype; at the same time, they also moved southward to Southeast
Asia to become the tropical ecotype®. Because indica varieties grow
throughout the tropics and subtropics, it is possible that the japonica
varieties were introduced to alien genes from indica during the
tropical japonica breeding process. Although preference for rice grain
shape varies with consumer groups, the majority of rice consumers
in Southeast Asia prefer long grains*4. This may be another reason
that the large-grain haplotype of OsSPL13 was selected in tropical
japonica varieties. OsSPL13 can substantially improve grain size, as
well as grain number and panicle size, by increasing the number o
secondary branches and panicle length. These results indicate that
OsSPL13 might have been a critical factor in the divergence of tropical
japonica and temperate japonica, thus providing the opportunity to
improve grain size and grain yield for a majority of temperate japonica
varieties by introducing the large-grain OsSPLI13LGH allele when
breeding new elite varieties.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Full-length OsSPLI3 ¢cDNA from Dongjing,
KT899581; full-length OsSPLI3 ¢DNA from GP7, KT899582.
Microarray data are available under BioProject accession PRJEB11401.
OsSPL13 genomic sequences are available under accessions LT159866
-LT159966.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Materials. Approximately 36 seeds for each accession from a collection
of 342 accessions were germinated and planted in an experimental field
(Hangzhou, China; 30.32° N, 120.12° E). GWAS analysis of seed length was
performed according to Huang et al.!®. The OsSPL13 T-DNA insertion line
(1B-14102) in the japonica Dongjing background was obtained from Kyung
Hee University, Korea?®#>, and confirmed using PCR with the primers listed
in Supplementary Table 8. The 74 varieties of cultivated rice (O. sativa) and
the 30 accessions of wild rice used in the phylogenetic analysis are listed in
Supplementary Table 7.

GWAS analysis. In total, we used 493,777 SNPs with a minor allele frequency
of >0.05 in the japonica population for association analysis. Association
analysis using a mixed model was performed with the EMMAX software
package to account for sample structure. The matrix of pairwise genetic
distances derived from simple matching coefficients was used as the
variance-covariance matrix for random effect, and the first ten principal
components were included as fixed effects. Principal-component analysis
of the population was performed using EIGENSOFT software. With the
number of SNPs analyzed (n = 493,777), the threshold for significance was
estimated to be approximately P = 1 x 1077 (that is, 0.05/493,777) by the
Bonferroni correction method.

Primers. The sequences for all primers used in this study are listed in
Supplementary Table 8.

Gene cloning, construct generation and transformation. The 8-kb
genomic region including the 2.4-kb promoter and coding sequence
for OsSPL13 was amplified from Dongjing and cloned into plant binary
vector pPCAMBIA 2300 to generate construct I. Construct CP contains the
8-kb genomic fragment from large-grain variety GP7. The 2.4-kb promoter
region from Dongjing was fused with the transcript region (including
the 5" UTR, coding region and 3" UTR) from GP7 to generate construct
III. Control plants were generated by introducing the empty vector into
wild-type Dongjing by Agrobacterium tumefaciens-mediated transfor-
mation as described previously%¢. For the pDJ:GUS-OsSPL13P) and
pDJ::GUS-mOsSPL13Y) constructs, the GUS gene was fused to OsSPL13 with
a normal or mutated microRNA target site, respectively, with expression
driven by the Dongjing OfSPLI13 promoter. The RNAi construct con-
tained an inverted repeat harboring the 491-bp OsSPL13 cDNA fragment
in vector pTCK303 (ref. 46). All plasmid constructs were introduced into
A. tumefaciens strain EHA105 and subsequently transferred into the small-
grain japonica variety Dongjing*®.

The rice gene OsmiR156 was PCR amplified and subcloned into the binary
vector pTCK303 (ref. 46). The MIM156 construct was generated as described
by Franco-Zorrilla et al.3; the expression of both constructs was controlled
by the same UBIQUITIN promoter.

Trait measurements. Grain length, width and thickness and 1,000-grain
weight were measured when plants were completely matured. The entire spike-
let hull, including the lemma and palea, was included in these measurements.
To determine fresh weight during different stages, 100 grains were weighed,
and measurements were repeated six times with the same 100 grains. After the
seeds were dried at 80 °C for 3 d, dry weight was measured. The entire spikelet
hull was included in these measurements.

For plot yield analysis, a total of 96 plants for each line were grown in
a paddy field with three replicates, and 60 plants were collected for yield
measurement. Plant height, tiller number, panicle length and grain number
were measured and analyzed.

Subcellular localization and histological observation. The coding sequence
of OsSPL13 from Dongjing was fused with the GFP gene to generate the GFP-
OsSPL13 construct. The fusion protein was transcribed from the cauliflower
mosaic virus (CaMV) 35S promoter. Next, the GFP-OsSPL13 construct was bom-
barded into onion epidermis with the PDS-1000/He biolistic system (Bio-Rad).
The subcellular localization and colocalization of these proteins was evaluated
using a confocal laser scanning microscope (FluoView FV1000, Olympus).

The outer surface of lemma from mature seeds was observed with a scan-
ning electron microscope at an acceleration voltage of 15 kV. Cell number and
cell density were calculated along the longitudinal axis.

RNA in situ hybridization and measurement of GUS activity. Panicles and
florets from wild-type Dongjing plants were fixed in 4% paraformaldehyde and
embedded in Paraplast. A 792-bp region of OsSPL13 cDNA was used as the
probe, which was labeled by digoxigenin (Roche). RNA in situ hybridization was
performed on 8-um sections; sense probe was used as a negative control*’.

To measure GUS activity, rice samples were incubated in a solution of I mM
5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid (X-gluc), 10% methanol,
0.5% Triton X-100 and 50 mM NaPQ, at 37 °C in the dark for 12 h. After GUS
staining, chlorophyll was removed using 75% ethanol before taking pictures.

Antibody generation and protein blot analysis. OsSPL13 cDNA was sub-
cloned into pET28a and pMAL-C2. Recombinant His-OsSPL13 protein was
expressed in BL21 E. coli and purified using Ni-NTA agarose beads under
native conditions. A total of 5 mg of purified His-OsSPL13 per rabbit was
used to raise polyclonal antibody. Maltose-binding protein (MBP)-OsSPL13
protein was purified by amylase resin column (New England BioLabs, 8021S),
and antibody to OsSPL13 was then purified by SulfoLink affinity column
(Pierce, 20401) coupled to purified MBP-OsSPL13 protein. The specificity of
the antibody to OsSPL13 was determined by protein blot analysis.

For protein blot analysis, plant materials were ground into powder in
liquid nitrogen, and protein extraction buffer was added. Samples were boiled
and centrifuged, and the supernatants were resolved by SDS-PAGE. Protein blot
analysis was performed according to a general procedure. Antibody to OsSPL13
(1:4,000 dilution) and commercial antibody to actin (Earth Ox, E021080; 1:2,500
dilution) were used to detect OsSPL13 and actin protein levels, respectively.

RNA sequencing and RT-PCR. Panicles from Dongjing and japonica varieties
were collected when they reached about 30-60% of their full length. RNA was
extracted from the roots, leaves and panicles of 20 varieties that were selected
on the basis of the GWAS data. Spikelet tissues included the palea and lemma.
Total RNA was isolated using TRIzol reagent (Invitrogen), and RNase-free
DNase I treatment was performed to remove any genomic DNA contamina-
tion. For transcriptome analysis, panicles from wild-type Dongjing and giw7
plants when they reached 30-60% of their full length were used for library
construction and sequencing according to the instructions from Illumina.
Pearson’s x> was applied to assess the differences between samples. The P value
was computed for each gene*$4%.

RT-PCR was performed on an ABI 7500 instrument using SYBR Green
PCR Mastermix according to the manufacturer’s instructions (Takara, RR420).
The cycling conditions included incubation for 30 s at 95 °C followed by
40 cycles of amplification (95 °C for 5 s and 60 °C for 31 s). The UBIQUITIN
gene was used as an endogenous control to normalize detected gene expres-
sion. The primers used in QRT-PCR are listed in Supplementary Table 8.

ChIP-qPCR analysis. Panicles from wild-type Dongjing and glw7 plants were
used as materials for ChIP assays, which were performed according to a previously
described protocol®3. Briefly, panicles were cross-linked with 1% formaldehyde
under vacuum for 10 min and ground in liquid nitrogen, and nuclei were isolated.
DNA was sonicated into 200- to 500-bp fragments. Chromatin complexes were
incubated with polyclonal antibody to OsSPL13, and immune complexes were
pulled down using Protein A beads. The precipitated DNA was purified and
dissolved in water for further analysis. Commercial polyclonal antibody to HA
(Santa Cruz Biotechnology, sc-305) was used as a negative control.
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